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ABS TRACT 


Experiments were conducted to measure the intensity 
of radiation emitted by a superluminal 100 MeV electron 
moving through a static, periodic, plane polarized magnetic 
field oriented perpendicular to the electron's trajectory. 
Such radiation is known as pumped superluminal electro- 
magnetic radiation (PSER). Comparison was then made with 
the intensity of Cerenkov radiation emitted by a superluminal 
100 MeV electron without a pump field. It was found that 
the PSER was 12.78% + 0.75% more intense than the Cerenkov 


radiation. 
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Pe NERO DUC T LON 


Schneider and Spitzer [{Ref. 1] have investigated the 
interaction of electrons and pump fields at superluminal 
electron velocities. They have found a new radiation pro- 
cess, which they termed stimulated electromagnetic shock 
radiation (SESR) that may lead to some enhancement of radia- 
tion over both Cerenkov radiation and the free electron laser. 
Many physicists were upSet with the name SESR because of the 
word stimulated. Reference two has renamed the radiation 
pumped superluminal electromagnetic radiation (PSER). 

Pumped superluminal electromagnetic radiation is defined 
as that radiation produced when an electron moves in the 
presence of a pump field through a polarizable dielectric 
medium at speeds greater than the speed of light (superlu- 
minal) in that medium. The pump field produces a periodic 
deviation of the electron's trajectory from a straight line 
as it moves through the medium. Considering only a single 
electron under these conditions, Schneider's and Spitzer's 
investigation has predicted that there should be two fre- 
quency bands, vice the one found in Cerenkov radiation, for 
each medium response. Each band would terminate on the 
lower end at a frequency related to the frequency of the 
pump field. The total energy contained in the two bands would 


also be greater than the energy in Cerenkov radiation 





produced by an electron under the same conditions but without 
a pump field. Other features of PSER would be identical to 
Cerenkov radiation. 

An investigation of PSER was later conducted by Kroll 
[Ref. 3]. He examined the radiation due to a single elec- 
tron under the same conditions as Schneider and Spitzer but 
arrived at different conclusions. He found the only major 
differences between PSER and Cerenkov radiation to be; 

1) a broadening of the angular distribution of the radiation 
produced by the electron's deviation about a straight line 
trajectory; and 2) a discontinuity in the power spectrum 

at the threshold of the anomalous Compton backscattering 
effect in the forward direction. There was no evidence in 
his investigation to suggest a Significant increase in the 
energy transformed into PSER over that transformed into 
Cerenkov radiation. 

A slightly different approach, developed by Buskirk* 
will illustrate the physical considerations involved with 
PSER and highlight the differences in the results obtained 
by different investigators. Buskirk considers the kinematic 
relations of the interaction between a superluminal electron, 
a pump wave traveling in a direction opposite to that of the 
electron, and the radiation emitted at an angle 8 to the 


Swectron's trajectory. Figure 1 illustrates the interaction. 


=concept developed by Professor F.R. Buskirk, U.S. 
Naval Postgraduate School, 1979. 
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Radiation emitted by the electron, written ina standard 


form is 


os od 
E. = E59 cos (k. 1e wot + 5 


Again substituting the electron's position one obtains 


E, = E,, cos (¢., + Qt) 
where 
= q 
om = KyXo cos(@) + >» 
and 
Q = K,8e eos(6) = Wo 


At the electron's position an emitted wave must be in phase 


with the electron's oscillations. 
Phase Of eClectron = = phase of wave 2 


Substituting the definitions of We and 2 this condition 


becomes 
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Cm = = 4, 


where 


Equation (2) can be described as the requirements for 
electron bunching to produce coherent radiation. Equation 
(1) as the relation between the electron's velocity, the 
pump wave's velocity and frequency, and the emitted radia- 
tion's frequency, velocity, and emission angle. This becomes 


more apparent when equation (1) 1s solved for the ratio of 


Ky to Ky: 
a) 7 1 + V,/8e 
Kk,  F (eos 6 - V,/ée) 
Substituting 
Sue LVS 
Vy = c/n, ; and V5 = c/n. 


equation (1) becomes 


—2 = n,/n. + 1/n,8 
ui + (cos 6 - 1/n,8) 
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This equation shows a continuous distribution of mono- 


chromatic radiation, a unique w. for each value of 94, 


2 
except at the Cerenkov angle, cos - = 1/n.8, where all 
frequencies are allowed by the discontinuity in equation (1). 
Therefore there are effectively two frequency bands which 


overlap in frequency but exist at different values of 6. 


The two lowest frequencies of the bands are 
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5 6h ob eeel “e 
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@eeeene band emitted in the range 0° < 6 < Bs and 
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for the band emitted in the range 8 Uo ies) 0 aa 

Similar results for the relations between the incident 
pump wave and the emitted wave have been obtained by others. 
Zachary [Ref. 4] and Walsh [Ref. 5] obtain precisely the 
Same result in amore general form. They allow the pump 
wave to move at an angle to the electron trajectory. Kroll 
[Ref. 3] finds a discontinuity in the PSER power spectrum 
at a frequency which is equivalent to Buskirk's Wee buted 
is radiated at the Cerenkov angle cos 9 = nee KO | 
mentions nothing about a second frequency band. Schneider 
and Spitzer [Ref. 1] also find two radiation bands with 


Eeeeevatent w and sw , but both bands are radiated into the 


+ 


mamge 0 < 0 < Bae 
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Il. EXPERIMENTAL INVESTIGATION OF PSER 


This experimental investigation of PSER has focused on 
the detection of a proposed difference in radiated energy 
between PSER and Cerenkov radiation. It was decided to use 
a direct current plane polarized magnetic field as the pump- 
ing mechanism [Ref. 2]. This configuration was able to 
maintain a steady sinusoidal magnetic field with a maximum 
amplitude of about 1100 gauss (current of 10 amps anda 
period of 7 cm) along the electron beam trajectory. Initial 
experiments directed the electron beam along the axis of the 
magnetic undulator through the atmosphere and attempted to 
measure quantitatively the intensity of the resulting radia- 
tion using a photodiode. Several problems arose which pro- 
hibited a definitive measurement of the PSER and the Cerenkov 
radiation. Two of the more significant problems were exces- 
Sive detector noise and expansion of the electron beam due 
to scattering by the linear accelerator exit window. The 
preliminary results obtained with these early experiments 
[Ref. 2! supported the claims of Schneider and Spitzer but 
could not eliminate other theories. 

The experiments reported in this paper consist of a 
series of refinements to experimental technique and apparatus. 
Figure 2 is a schematic showing the relation between the 


electron beam, the undulator, the Cerenkov mirror, and 


13 





the beam current monitor which was used as a basis for 


the following experiment setups. 


fee oh TUP-1 
1. Description 
In setup one the entire basic arrangement, except 
for the secondary emission monitor (SEM), was enclosed within 
a gas-box constructed of sealed plywood and plexiglass to 
contain the desired gas, helium, between the undulator pole 
tips yet allow the Cerenkov radiation cone to expand the 
full width of the gap between pole tips. Mirror one was a 
thin piece of highly polished aluminum which directed the 
Cerenkov or PSER up onto the face of a photomultiplier tube 
(RCA 6810-A). The electron beam current was measured by 
the SEM. 
2. Experimental Technique 
Measurements were made by filling the gas-box with 
helium and displaying the photomultiplier tube (PMT) sig- 
nal and the SEM signal on a dual trace oscilloscope. For 
record purposes photographs were taken of the oscilloscope. 
3. Results 
It was found that the PMT was fast enough to pre- 
sent a detailed picture of the light intensity on a pulse- 
by-pulse basis (the LINAC operates at a pulse rate of 60 Hz 
and a pulse duratimof about 1 usec). But, no pulse could 


be discerned in the SEM signal. Thus, no correlation could 
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be made between light intensity and beam intensity. Also, 
because the light intensity fluctuated greatly from pulse 
to pulse and within the same pulse no comparison could be 


made between PSER and Cerenkov radiation. 


eee ob TUP-2 
1. Description 
Setup two was the same as setup one except the SEM 
was replaced by a toroid. 
2. Experimental Technique 
The same measurement method was used with, however, 
the toroid signal substituted for the SEM signal. 
3. Results 
The toroid had a fast enough response to display the 
beam current on a pulse-to-pulse basis but its shape differed 
from the PMT pulse enough that a meaningful comparison was 
not possible. Again accurate measurements of PSER and 
Cerenkov radiation could not be made. These data did, how- 
ever, suggest that integration of the PMT signal and inte- 


gration of a beam monitor signal might provide useful data. 


ee SoETUP-3 
fm Description 
In setup three the toroid of setup two was replaced 
by the SEM and the aluminum mirror was covered with a clean 


Sheet of white paper which served as a diffuse reflector. 


1 





2. Experimental Technique 

It was found that when the PMT anode wa: connected 
directly to a CARY 401 vibrating reed electrometer in the 
charge measuring mode, the PMT signal was integrated. The 
SEM was also connected to a CARY which then integrated the 
beam current. Knowing both that the PMT signal would be 
proportional to the intensity of the light incident on its 
active surface and the time of integration, an average PMT 
Signal current was calculated. The ratio of average PMT 
current to average beam current was indicative of the 
amount of PMT illumination for a given beam current. Com- 
parison was then made between the values of this ratio when 
the undulator was off (Cerenkov radiation) and the values 
of this ratio when the undulator was on (PSER). 

3. Results 

This method of measurement showed great promise in 
that the measurement accuracy was reduced to about one per- 
cent. It was observed, however, that when the magnet was 
turned on, the illumination of the PMT decreased with time. 
This indicated that the gas was heating, expanding, and 
escaping from the gas-box. Measurements taken of the gas 
temperature in a corner of the gas-box remote from the mag- 
net showed a rise in temperature of eleven degrees centi- 
grade in twenty minutes. Therefore a means of containing 
the gas within the magnetic field, yet isolated from heating 


effects of the magnet had to be found. 
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bee OE TUP-—4 
ieee DESeCription 

A gas-tube was constructed from thin walled stain- 
less steel tubing which fit tightly in the gap between poles 
of the undulator. The undulator was reduced to five periods 
vice the eleven periods used previously to ensure that the 
complete Cerenkov radiation cone could emerge from the down- 
Seream end of Che gas tube. A gas-tube was used in one of 
the initial experiments [Ref. 2] but scattering of the elec- 
tron beam by the LINAC exit window was such that the beam 
quickly exceeded the size of the gas tube. Test of a material 
called Kapton, a very strong yellow plastic, indicated that 
it could be used as a LINAC exit window with a thickness of 
1.0 mil. It was desired to evacuate the gas-tube before 
injecting helium to help maintain the purity of the helium. 
Therefore each end of the gas-tube was fitted with a two- 
part flange which held the Kapton in place and provided a 
vacuum seal. One end of the gas-tube was fastened to the 
open LINAC drift tube in place of the normal aluminum exit 
window. The gas-tube location is illustrated in figure four. 
Figure three, showing the transmission spectrum of the Kapton 
and the relative response of the photomultiplier tube, indi- 
cates the wavelengths for which these measurements were 
valid. 

2. Experimental Technique 
Setup four was aligned by remotely viewing the 


Cerenkov radiation at various loctions along the desired 


Jey) 





path. The Cerenkov radiation appeared as a ring and seemed 
to be entirely contained on the PMT's active surface. 
Measurements were taken in the same manner used with setup 
three. A cooling fan directed air over the magnet structure 
for cooling and the integrations were done alternately with 
the magnet on or off. Further, measurements were taken with 
the gas-tube evacuated and with the gas-tube filled with 
helium at room temperature and atmospheric pressure. 
3. Results 
a. Gas-Tube Evacuated 
A comparison of fifteen integrations (duration 
of about forty seconds each) with the magnet onto a like 
number with the magnet off showed an increase in the observed 
Cerenkov radiation intensity of 7.53 % when the magnet was 
on. The standard error of the mean in each case was on the 
eeaer of 2.5%. 
b. Gas-Tube Filled with Helium 
A comparison of twenty integrations (duration 
of about forty seconds each) with the magnet on to a like 
number with the magnet off showedno change in the observed 
Cerenkov radiation intensity. The standard error of the 
mean waS again on the order of 2.5%. 
c. Noise Measurement 
A further test was conducted to determine the 
quantity of noise being measured. The PMT was shielded 


from the Cerenkov radiation by a sheet of paper thick enough 
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memblock the light. Integration performed with this arrange- 
ment indicated a great deal of noise (about 10% of desired 
signal) due apparently to the electron beam striking the 


PeminumMm mMmLrror. 


eee Ob TUP=5 
eb esch toc LON 
Figure 4 diagramssetup 5. The PMT has been sur- 
rounded by approximately four inches of lead brick and moved 
away from the electron beam axis. The Cerenkov radiation 
Memairected vertically to mirror 2 from the electron beam 
axis by mirror 1. Mirror 2 then directs the Cerenkov radia- 
tion horizontally to the face of the PMT. In this setup 
mirror 2 is actually a sheet of white paper which serves as 
a diffuse reflector. 
2. Experimental Technique 
Measurements were taken in the magnet on and off 
conditions with the gas-tube evacuated, and with the heliun, 
at approximately room temperature and atmospheric pressure, 
slowly flowing through the gas-tube. Also in each case 
measurements were taken with the PMT shielded from all light 
in an attempt to obtain a noise figure to be used for data 
correction. 
3. Results 
The results summarized below seemed to indicate that 


the illumination of the PMT was independent of the medium 
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contained within the gas-tube (no medium or helium). Also, 
the magnet showed an effect on the illumination of the PMT 
when the gas-tube was evacuated. This suggested that the 
magnet shifted the Cerenkov radiation pattern in some fashion. 
Noise in the PMT signal was determined to be about 0.33%. 
a. Gas-Tube Evacuated 
Comparison of five integrations under each of 
the two magnet conditions (on at 10 amps or off) showed a 
decrease in the PMT illumination of 4.6% when the magnet was 
energized. 
b. Gas-Tubed Filled with Flowing Helium 
Two sets of data taken in this condition are 
listed below. Each listing gives the number of integrations 
measured in each of the magnet on and off conditions and the 
effect observed when the magnet was energized. 
(1) Five integrations; increase of 1.6% 
(2) Twenty integrations; decrease of 2.4% 
c. Gas-Tube Filled with Static Helium 
Two sets of data taken in this condition are 
listed below. Each listing gives the number of integrations 
measured in each of the magnet on and off conditions and 
the effect observed when the magnet was energized. 
(1) Twenty integrations; decrease of 2.8% 


(2) Twenty integrations; decrease of 1.5% 
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fie OL UP-6 
l. Description 
Setup Six was the same as setup five except for 
two changes. First, to correct for any wandering of the 
Cerenkov pattern, the cardboard light shield was replaced 
by a polished copper tube which served as a light pipe. 
Secondly, the diffuse reflector was replaced by a front 
Surface mirror. It was hoped that these two changes would 
eliminate the problems found in setup five. 
2. Experimental Technique 
The same methods of measurement and analysis used 
with setup five were used with setup Six. 
3. Results 
Three runs were made with setup six. All three runs 
had the gas-tube filled with helium but a different filling 
procedure was used for run three. Each run involved the 
measurement of fifteen integrations in each of the two magnet 
conditions. The first two runs showed an increase in the 
PMT illumination when the magnet was energized of 6.07% and 
[e7ls respectively. During the third run the intensity of 
PMT illumination for a given beam current increased with 
each successive measurement. The only explanation which 
seemed conceivable was that the helium was being contaminated 
by the surrounding atmosphere. Runs one and two did not show 
the effect because of the different filling procedures used. 


For the first two runs the gas-tube was filled with helium, 
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and then sealed. Apparently the contamination of the helium 
had already occurred when. measurements were taken in the 
first two runs. Further testing was not done to determine 
the exact process by which the helium was contaminated. 
Instead, prior to each day's run, the gas-tube was flushed 
with a rapid flow of helium. The helium flow was then re- 
duced to a point which provided a slight overpressure within 
the gas-tube. Using this procedure, the increasing radiation 


effect was not observed again. 


ee «SETUP-7 
1. Description 
Setup seven was the same as setup six except the 
SEM was replaced by an arrangement utilizing a photomulti- 
plier tube. The beam PMT, as it was called, was situated so 
that it was illuminated by the Cerenkov radiation generated 
by the electron beam passing through about two inches of 
air. It provided a signal which was proportional to the 
instantaneous electron beam current. 
2. Experimental Technique 
In order to observe a more direct correlation between 
the electron beam current and the illumination of the photo- 
multiplier tube which measured the Cerenkov radiation or 
PSER generated in the gas-tube (this PMT will hereafter be 
referred to as the Cerenkov PMT), it was decided to adopt a 


measuring system which would measure the beam current and 
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radiation intensity on a pulse basis. Also, Since the 
LINAC is pulsed at a Sixty hertz rate, a much greater 
number of data points would be recorded. The measuring 
system, described in Appendix A, went through several 
stages of evolution. In its final form the Cerenkov PMT 
Signal was assigned to channel A and the beam PMT signal 
was assigned to channel B. Signal pulses were first 
amplified, then a pulse was generated which was propor- 
tional to the integrated signal pulse. The new pulse was 
converted to a binary number and stored on a computer's 
disk memory with its companion pulse. After a predeter- 
mined number of pulse pairs had been measured and recorded, 
data reduction was done by several programs which developed 
a pulse-height spectrum of each channel, a pulse-height 
Spectrum of the ratio of the channels, and a least-squares 
fit of the pulse pairs. These programs are further des- 
Serped in Appendix B. 
fe.) Results 

The results obtained with setup seven are listed 
in table 1. Examination of these data indicated no sSigni- 
ficant increase in the light intensity when the evacuated 
gas-tube was filled with helium. The light intensity con- 
Sisted of Cerenkov radiation generated by the electron beam 
passing through the two Kapton windows, the fourteen inches 
of helium contained within the gas-tube, and approximately 


two inches of atmosphere between the last Kapton window and 
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TAB DE 1 


Gas Tube Magnet Mean Mean Meat 
Pendition Current Cerenkov Beam Ratio 
(amp) PMT PMT 
evacuated 0.0 360 oy. 0 126.0 
evacuated 10.0 £079 ny 5 6 oe One 
evacuated LO 0 49.9 (a les) si 
flow of He 0.0 47.3 10) 28, aS 
meow Of He HO". 0 50.4 Uiehceoo) iby, 
flow of He Oh. © aa. 1 Ore ILS as. 


*® 
Ratio = 100 (beam PMT/Cerenkov PMT) 


the first aluminum mirror. Calculations, enclosed in Appen- 
dix C, approximating the Cerenkov intensity due to the 
helium and atmosphere showed those two intensities to be 

the same order of magnitude. Since no significant change in 
the light intensity was observed when helium replaced a 
vacuum in the gas-tube, it was concluded that the intensity 
due to the Kapton windows must be much stronger than that 
due to helium and air combined. For this reason it is 
believed that the above results contain the desired signal 
information but it is completely overshadowed by the un- 


desired signal from the Kapton windows. 


fae on lUP-8 
im Description 
Setup eight is essentially the same as setup seven. 


In an attempt to eliminate the Cerenkov signal due to the 
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Kapton windows two changes, illustrated in figure 5, were 
made. The gas-tube was extended by means of a larger gas- 
cell, which enclosed the first aluminum mirror and moved 
the second Kapton window out of the electron beam path. 
Cerenkov radiation from the first Kapton window was blocked 
by an aluminum plug placed in the gas-tube near that window. 
The plug was bored along the beam axis to pass the electron 
beam but block the Cerenkov from the window which would have 
expanded to a diameter greater than the beam's diameter. 
2. Experimental Technique 

No change was made to the experimental technique 

used with setup seven. 
3. Results 

Regrettably, due to problems with the LINAC and time 
limitations, only 2 sets of data were obtained. Results 
are shown in table 2. A specific test to determine the 
presence of Cerenkov radiation from the Kapton window was 
not conducted. However, to obtain a usable signal the high 
voltage on the Cerenkov PMT was increased by 130 volts over 
the voltage used on setups prior to setup eight. Therefore 
it is believed that most of the Cerenkov radiation due to 


the Kapton window was eliminated from the measured signal. 
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irf.) CONCLUSIONS 


Experimental setup eight represents the best effort of 
this investigation. Unlike the previous setups, it measured 
a Signal due primarily to the Cerenkov radiation or PSER 
emitted by the electron as it passed through helium. Pre- 
vious setups measured a Signal which consisted mostly of 
Cerenkov radiation from the Kapton windows or was contaminated 
by other undesirable elements. Data collected on 10 October 
1980 was taken with very erratic LINAC operation and low 
beam current. A mean ratio of beam current to Cerenkov 
radiation intensity could not be calculated because indi- 
vidual ratios exceeded the program capacity. Further, a 
least squares fit to the data showed a relatively poor 
linear fit. For these reasons these data were considered 
unreliable. Data collected on 09 October 1980 showed an 
increase of (12.78 +0.75)% in the mean ratio of beam current 
to Cerenkov radiation intensity when the magnet was on 
over the mean ratio when the magnet was off. Based on the 
9000 data points obtained to date with setup eight, this 
experimental investigation must support those theoretical 
investigations which calculate a marked increase in the 
energy radiated under PSER conditions over that radiated 
as Cerenkov radiation. 

Also of particular interest is the effect noticed on 


setup three when the magnet heated the gas. Only a slight 


aT} 


change in the gas density resulted in a seemingly signifi- 
cant reduction in the conversion of electron energy to 
radiation. It seems very conceivable that an intense pump 
field other than a static magnetic field might induce local 
density variations in the dielectric medium which could 
Significantly, and adversely affect the energy conversion 


efficiency. 
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APPENDIX A 


PULSE ANALOG TO DIGITAL CONVERTER 


The pulse analog to digital conversion system was con- 
structed using readily available parts. A block diagram of 
the system is shown in figure 6, and a schematic diagram is 
shown in figures 7 and 8. The circuits used, with the excep- 
tion of the pulse stretcher, were taken from the manufacturer's 
engineering product handbook as described in figure 6. A 
pulse stretcher was needed to integrate the photomultiplier 
tube pulses and generate a pulse, proportional to the inte- 
grated input pulse, that was long enough (greater than five 
microseconds) for the sample and hold to acquire the signal. 
This was accomplished with the pulse stretcher, a modified 
common source circuit, shown in figure 8. 

The pulse stretcher's operation can be described as 


Bellows. Capacitor C in the input side of the pulse 


Le 
stretcher, in combination with the diode performed the pulse 
integration. A positive going pulse which was strong enough 
to forward bias the diode, charged the capacitor. Resis- 

tance and capacitance values were chosen so that the capaci- 
tor's charging curve was reasonably linear for the duration 
and magnitude of expected data pulses. The voltage across 

the capacitor controlled the field effect transistor's (FET) 


Junction resistance which in turn determined the source-to- 


drain current and the output voltage appearing across the 


Zo 





load resistor, R Duration of the integrated signal was 


4° 
greatly lengthened because of the diode's high resistance 

to reverse current flow which increased the time constant 
for capacitor discharge many times over that for charging. 
Resistors R, and R, permitted biasing the FET so that its 
amplification was also reasonably linear and approximately 
equal to that of the FET used in the other channel. Input 
pulses from the photomultiplier tube were characteristically 
one microsecond long and about one volt after amplification. 
With this input, the pulse stretcher generated an output 
voltage which was on the order of 0.75 volts. The voltage 
decayed like a capacitor's voltage would if it had a time 
constant of about three milliseconds. But for the duration 
of the sample and hold's acquisition time, the stretchers 
output was essentially constant. Tests of the stretcher 
with simulated pulses showed it to be reasonably linear when 
the input pulses were varied in magnitude. No tests were 
conducted to determine if the stretcher's integration was 
independent of the pulse shape. 

The sample and hold circuit was activated by a multi- 
vibrator timing circuit to sample the pulse stretcher's 
output. When the sample window was closed the A/D converter 
began its conversion. At the end of the conversion, a data 
valid signal was sent from the A/D converter to the computer. 


When the computer detected the data valid signal it read the 


eCight-bit binary number and began its processing. 
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APPENDIX B 


PULSE HEIGHT ANALYSIS PROGRAM DESCRIPTION 


A series of subroutines, listed at the end of this paper, 
were written for an IMSATI 8080 microcomputer using Microsoft 
Basic. A control program, PHA3, allowed the operator to 
select a subroutine based on the desired operation to be 
performed. New data, in the form of 2 numbers which repre- 
sented Cerenkov radiation intensity and beam intensity respec- 
tively, were recorded as pulse pairs on a floppy disk by the 
WRITE-CD subroutine. Previously recorded data was read 
into a file(s) in the computer memory by the subroutines 
ReAD-CD or READ-B. READ-CD stored the data in 2 files, one 
of which represented the Cerenkov radiation intensity pulse 
height spectrum, and the other represented the beam intensity 
pulse height spectrum. Each file contained 256 elements. 

An element, identified by the number representing the desired 
pulse, was the total number of pulses which corresponded to 
that element number. For example, if the file A represented 
the Cerenkov radiation intensity pulses and the element 
A(162)=493, this meant that there were 493 pulses in that 
particular run which had a measured pulse height of 162. 
READ-B read previously recorded pulse pairs from a floppy 
disk, calculated a ratio of beam current to Cerenkov radiation 


intensity, multiplied the ratio by 100 and stored the result 


Si2b 





in a manner similar to that used by READ-CD. Finally, for 
Output and record purposes, the subroutines PHA, PHA1, PHA4, 
PHA5, PHA6, and PHA7 were used to provide teletype print- 
outs or television display of the pulse height spectrum. 

A separate program, LST SQR (also listed at the end 
of this paper), was used to read the data from a floppy 
disk and perform a least squares fit. The standard rela- 
tions, shown below, were used to calculate the slope, m, 


and the intercept, b, for the linear equation y = mx + b. 


=. NIX VY. - (2x) (Ly, ) 
N EX? ~ ipe 04 
ale ale 
(Ly,) (2x7) = (fx.y.) (Ex.) 
ee fine 
Aire - dike 4c 
ale ale 
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APPENDIX C 


CERENKOV RADIATION INTENSITY CALCULATIONS 


Calculations were made to estimate the intensity of 
Cerenkov radiation from helium and from air. The basic 
equation used was the well known expression for energy loss 
per unit length experienced by an electron passing through 


a medium of index n. 


dE 


Bee Js lias Gl 
nN 


This equation was integrated numerically by dividing the 
wavelength range measured by the PMT (4000 A to 8000 A) into 
small elements AA, calculating the index of refraction (n) 
at a wavelength within each interval, calculating dE/dx 


for the interval using 





Stee (ee 57 axe G ASSN = 


13 eV 
m 
and then summing the dE/dx. to get the total energy loss 
per meter experienced by the electron. 
Helium's index of refraction was calculated using the 


Sellmeir dispersion relation 


3S 





where 


do = 584.4 A 


2 


and A was determined to be 7.102 x10 ~ by substituting 


helium's tabulated index of refraction of 1.000036 at 

A = 5000 A. The resulting electron energy loss for a 100 
Mev electron was 10.344 eV. For a path length of 14 inches 
this is a total loss of 3.678 eV into the wavelength range 


of interest. 


An equation of the form 


eS aa ©. 2 Sr 


>’ 


was fit to the measured values of air's index of refraction 
[Ref. 6]. Using three measured values spaced over the 
wavelength range of interest the coefficients of the above 


c: 2 


equation were: a = 2.5704x10 *; b = ~2.5308 x10 “ A; and 


te) 
c= 224.62 ae The resulting energy loss for a 100 Mev 
electron in air was 127.49 eV/m. For a path length of 
2 inches this is a total loss of 6.477 eV which is approxi- 


mately twice the energy lost in the transit of 14 inches of 


helium. 
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APPENDIX D 
SIUC U I UaS 
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perturbed electron 
trajectory 


FIGURE 1. The 3-agent interaction process 
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FIGURE 2. Basic arrangement of apparatus. 
The undulator consists of 22 pole pieces which 
comprise 11 periods with a 7 cm. wavelength. 
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FIGURE 4. Setup-5. For clarity the lead shielding 
and part of the undulator are not shown. 
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Details of setup~8 showing the alterations 
made to setup-/7. 
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SO “Oo "et “FON in 


10 


Zo 


PULSE HEIGHT ANALYSIS SUBROUTINES 


REM PHA3: PULSE HEIGHT ANALYSIS CONTROL PROGRAM 
REM DATA STATEMENT 10 IS IN FOLLOWING ORDER 
REM MAX COUNT PER BIN 
Bey START BIN FOR PRINTOUT 
me olOP BIN FOR PRINTOUT 
me SCALE COMPRESSION FACTOR FOR PRINTOUT 
Dams 250,0,600,30 

DATA O01 OCTOBER 1980 

GOrO 120 

CLEAR 

READ N,BP,SP, SCALE, DATE$ 

Reo eT 

DIM A(256),B(256) 

WADE. 0,16 

C=INP(2) 

DB=INP(3) 

A(C)=A(C) +1 

Peo y=B(D)+1 

O IF A(C)>N OR B(D)>N THEN 120 

Peal 70 

O READ N,BP,SP,SCALE, DATE$ 

ene skh T 


BeWALT 0,128 
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130 
140 
150 
160 
170 
180 
190 
191 
192 
193 
194 
200 
210 
220 
230 
235 
236 
237 
238 
239 
240 


250 


‘OF URE ania 


PRINT 
PRINT 
PRINT 
sibs fal 
PRINT 
eee Gall 
OLN 
le Jege Gy pil 
EJ JON ak 
iene NT 


INPUT 


il 


"READY FOR OUTPUT ACCORDING TO FOLLOWING CODE:" 


" ENTER 


Peacoknson te OlsrLAY OF DUAL CHANNELS" 
POR TTY DISPLAY OF DUAL CHANNELS" 
FOR NEW DATA" 

FOR END OF PROGRAM" 

ROeWRith BATA TO DISC 

TO READ DUAL CHANNEL DATA FROM DISC" 
LORE Ao RATIO VERON BlISc™ 


bORweCh Ey DISPLAY OF RATIO” 


\O OO N) On WN 4 WW dO 


aoreewis UiSeEay OF RATIO" 


YOUR CHOICE=-"3;2Z 


imam OUeme2 0 290,240,250,235,236,237,238,239 


CHAIN 
CHAIN 
CHAIN 
CHAIN 
CHAIN 
CHAIN 
CHAIN 


MERGE 
MERGE 
MERGE 
MERGE 


MERGE 


MERGE 


GOTO 30 


END 


Cer i 200, Abn OELETE 5-250 
“PHA4",300, ALL,DELETE 5-250 
"WFILE-CD",300,ALL,DELETE 5-250 
"RFILE-CD",300,ALL,DELETE 5-250 
Pt bes JOO, ALL, DELETE 5=250 
Ere 4 J00,ALL, DELETE 5-250 
Benne y ,cCO nA DEnETE 5-250 
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295 
500 
310 
520 
330 
34.0 
350 
360 
370 
380 
390 
400 
410 
420 
430 
LLL 
450 
4.60 
470 
480 
L490 
500 
510 
pe O 
530 
5h.0 


REM PHAl: CRT DISPLAY OF DUAL CHANNEL PHA 
FOR I=0 TO 256 
ASUM=A(I)*I+ASUM 
BSUM=B(1)*I+BSUM 
AN=AN+A(TI) 
BN=BN+B(TL) 
ASQR=ASQR+A(I)*1IT2 
BSQR=BSQR+B(1I)*1I%2 
PA=FIX(A(1I)/SCALE) 
PB=FIX(B(1I)/SCALE) 
IF PA>PB GOTO 470 
IF PA=PB GOTO 580 
IF PA=0 GOTO 690 
F=PA 

S=PB-PA 

aoa A" 

BS="B" 

GOTO 730 

IF PB=0 GOTO 530 
F=PB 

S=PA-PB 

o>" B" 

BS="A" 

GOTO 730 

F=PA 


S=0 
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550 
560 
570 
580 
590 
600 
610 
620 
630 


650 
660 
670 


690 
700 
710 
720 
730 
740 
750 
760 
770 
7 80 
790 
800 


Ag="A" 

Bos" 

GOTO 730 

IF PA=0 GOTO 640 
F=PA 

S=0 

Ag="C" 

Bg="" 

GOTO 730 

F=0 

S=0 

agen" 

Bg="" 

GOTO 730 

F= PB 

S=0 

a= "8 " 

pea 

X$=SPACE$(F) 

Y$=SPACE$(S) 

PRINT I TAB(10) 

PRINT “O";X$3A$;Y$;B$ TAB(45) A(I);B(T) 

NEXT I | 
PRINT 

PRINT 

PRINT 
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810 
820 
830 
84.0 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 


AMEAN=ASUM/AN 

BMEAN=BSUM/BN 

ASIG=SQR (ASQR/AN-( ASUM/AN)f 2) 

BSIG=SQR (BSQR/BN-(BSUM/BN) f2) 
ASTIGM=ASIG/SQR(AN) 

BSIGM=BSIG/SQR(BN) 

PRINT "DATE OF THIS RUN: "DATES 

PRINT 

PRINT "QUANTITY"TAB(15) "CHANNEL A"TAB( 30) "CHANNEL B" 
PRINT " MEAN"TAB(15) AMEAN TAB(30) BMEAN 

PRINT "VARIANCE"TAB(15) ASIG TAB(30) BSIG 
PRINT "VAR OF MEAN"TAB(15) ASIGM TAB(30) BSIGM 
PRINT "# OF PULSES"TAB(15) AN TAB(30) BN 

CHAIN MERGE "PHA3",120,ALL,DELETE 295-950 


END 
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295 REM PHA4: TTY DISPLAY OF DUAL CHANNEL PHA 
300 WAIT 0,128 

p10 OUT 1,13 

315 TS="RUN (MO-DAY-RUN#) "+FILE$ 
316GOSUB 930 

320 FOR I=1T05 

20 WAIT 0,128 

340 OUT 1,10 

350 NEXT I 

360 INPUT "PRINT LIMITS";BP,SP 
365 INPUT "SCALE FACTOR";SCALE 
366 AN=0: ASUM=0: ASQR=0 

367 BN=0: BSUM=0: BSQR=0 

370 FOR I=0 T0 256 

380 ASUM=A(I)*I+ASUM 

390 BSUM=B(I)*I+BSUM 

400 AN=AN+A(T) 

410 BN=BN+B(TI) 

420 ASQR=ASQR+A(1I)*1It2 

430 BSQR=BSQR+B(I)*It2 

435 IF I<BP OR I>SP GOTO 770 
440 PA=FIX(A(I)/SCALE) 

450 PB=FIX(B(1I)/SCALE) 

460 WAIT 0,128 

470 OUT 1,48 

480 IF PA=0 GOTO 570 
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490 
500 
20 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 


WAIT 0,128 

oun i; 13 

FOR J=0 TO PA 
WAIT 0,128 
CUR, 32 

NEXT J 

WAIT 0,128 

OUT 1,65 

IF PB=0 GOTO 660 
WAIT 0,128 
Gust, 13 

FOR J=0 TO PB 
WAIT 0,128 

eve 1, 32 

NEXT J 

WAIT 0,128 

OUT 1,66 

WAIT 0,128 

GUT 1,13 
A$=SPACE$(7) 
BS=SPACES$(7) 
C$=SPACES$(7) 
LSET A$=STR$(TI) 
LSET B$=STR$( A(T) ) 
eet CS=STRS(B(1)) 
D$=SPACES$( 50) 
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750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
900 
910 
920 
930 
940 
950 
960 
970 
980 
790 


TS=D$+AS+BS+CH 

GOSUB 930 

NEXT I 

AMEAN=ASUM/AN 

BMEAN=BSUM/BN 

ASIG=SQR (ASQR/AN-( ASUM/AN)T 2) 
BSIG=SQR (BSQR/BN-(BSUM/BN)T2) 
ASIGM=ASIG/SQR( AN) 
BSIGM=BSIG/SQR(BN) 

HOR J=1 6O. 3 

WAIT 0,128 

OUT 1,10 

eS 

WAIT 0,128 

OUT 1,10 

CHAIN MERGE "PHA",300,ALL,DELETE 295-1050 
fete TS ) 

HOR et TO: L 

EMO, TS, J, 1) 

P=ASC(P$) 

WAIT 0,128 

oor i; P 

NEXT J 


meOO WAIT 0,128 


mero OUT 1,10 


fO20 RETURN 


1030 END 
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B95 
300 
BLO 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
10 
520 
530 
540 


REM PHA: SUBPROGRAM OF PHA4Y FOR DUAL CHANNEL DISPLAY 
Aes Romi >) 
BS=SPACE$( 15) 

6 P= SPACES( 15) 

ise Deno QUANTITY ” 
LSET B$="CHANNEL A" 
foe cp— CHANNEL B” 
TS=AS+BS+C$ 

GOSUB 590 

LSET A$="MEAN" 

LSET BS=STR$( AMEAN) 
LSET C$=STR$(BMEAN) 
TS=AS+BHS+C$ 

GOSUB 590 

LSET A$="VARIATION" 
LSET BS=STR$(ASIG) 
LSET C$=STR$(BSIG) 
TH=AS+BH+C$ 

GOSUB 590 

LSET A$="VAR OF MEAN" 
LSET BS=STR$( ASIGM) 
LSET C$=STR$(BSIGM) 
TSH=A$S+BS+CS 

GOSUB 590 

LSET A$="# OF PULSES" 
LSET BS=STR$(AN) 


Syl 





-,. ~~ 


550 
560 
570 
580 
590 
600 


620 
630 
640 
650 
660 
670 
680 
690 
700 


710 


LSET C$=STR$(BN) 
TS=AS+BS+C$ 
GOSUB 590 

CHAIN MERGE "PHA3",120,ALL,DELETE 295-710 
eens) 

FOR J=1 TO L 
P$=MID$S(TS$,J,1) 
P=ASC(P$) 

WAIT 0,128 

OUT 1,P 

MET J 

WAIT 0,128 

owe 1,10 

WAIT 0,128 

eur 1,13 

RETURN 

END 


a2 


29> 
300 
310 
320 
B20 
340 
350 
360 
370 
380 
B70 
400 
410 
420 
4.30 
440 
450 
460 
470 
480 
490 
500 
510 
520 
Sole 


REM PHAS: CRT DISPLAY OF RATIO PHA 
FOR I=BP TO SP 
BSUM=B(I)*I+BSUM 

BN=BN+B(TI) 

BSQR=BSQR+B(1I)*IT2 
PB=FIX(B(I)/SCALE) 

F=PB 

s=0 

es 

Beau? 

X$=SPACES$(F) 

Y$=SPACES(S) 

PRINT I TAB(10); 

PRINT "0";X$;A$;Y$;B$ TAB(45) B(T) 
NEXT I 

PRINT 

PRINT 

PRINT 

BMEAN=BSUM/BN 

BSIG=SQR (BSQR/BN-(BSUM/BN) f2) 
BSIGM=BSIG/SQR( BN) 


PRINT " DATE OF THIS RUN: "DATES 
PRINT 
Eon “QUANTDETY® TAB( 15) “CHANNEL B" 


PRINT "MEAN" TAB(15) BMEAN 


aS 





540 PRINT "VARIANCE" TAB(15) BSIGM 

550 PRINT "VAR OF MEAN" TAB(15) BSIGM 

560 PRINT "# OF PULSES" TAB(15) BN 

570 CHAIN MERGE "PHA3",120,ALL, DELETE 295-580 
580 END 


34 





295 
300 
310 
Bi} 
B16 
320 
330 
340 
350 
360 
365 
366 
370 
380 
BOO 
400 
440 
420 
430 
440 
450 
460 
470 
480 
490 


500 


REM PHA6: TTY DISPLAY OF RATIO PHA 
WAIT 0,128 

OGD 205 ahs 

T$="RUN (MO-DAY-RUN#)"+ FILES 
GOSUB 770 

HOReE=1. 70 5 

WAIT 0,128 

OUT 1,10 

NEXT I 

INPUT "PRINT LIMITS";BP,SP 
myPur "SCALE FACTOR" ;Q 
BN=0: BSUM=0: BSQR=0 

FOR I=0 TO 600 
BSUM=B(I)*I+BSUM 
BN=BN+B(T) 
BSQR=BSQR+B(I)*IT2 

IF I<BP OR I>SP GOTO 640 
PB=FIX(B(I)/Q) 

WAIT 0,128 

OUT 1,48 

IF PB=0 GOTO 540 

WAIT 0,128 

eur 1,13 

FOR J=0 TO FB 

WAIT 0,128 


OUT 1,52 


a5 


510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
740 
750 
760 
770 
780 


NEXT J 
WAIT 0,128 

OUT 1,82 

WAIT 0,128 

Oe. 1, 13 

A$=SPACE$(7) 

BS=SPACE$(7) 

C$=SPACE$(7) 

PSopT AS=STRS( 1) 

LSET C$=STR$(B(I)) 
D$=SPACES( 50) 

TS=D$+AS+CH 

GOSUB 770 

NEXT I 

BMEAN=BSUM/BN 

BSIG=SQR (BSQR/BN-(BSUM/BN)fT2) 
BSIGM=BSIG/SQR(BN) 

aOR J-1 TO 3 

WAIT 0,128 

HUT 1,10 

NEXT J 

WAIT 0,128 

OUT 1,10 

CHAIN MERGE "PHA7",300,ALL,DELETE 295-890 
L=LEN(T$) 

POR J=i TO 1 


2s 





790 
800 
810 
820 
830 
840 
850 
860 
870 
880 
890 


P$=MID$(T$, J, 1) 
P=ASC(P$) 
WAIT 0,128 
Cn Lye 
NEAT J 
WAIT 0,128 
Corl, 20 
WAET 0,128 
ONGHE ab oaks 
RETURN 

END 


yi 





295 
300 
310 
320 
B20 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
5.0 
520 
530 
540 


REM  PHA7: SUBPROGRAM OF PHA6 FOR DISPLAY OF RATIO 
A$=SPACE$(15) 
B$=SPACE$(15) 
CH=SPACE$(15) 

LSET A$="QUANTITY" 
Poeeees="CHANNEL B" 
TH=AS+CH 

GOSUB 540 

LSET A$="MEAN" 

LSET C$=STR$(BMEAN) 
TH=AS+CH 

GOSUB 540 

LSET A$="VARIATION" 
LSET C$=STR$(BSIG) 

TH =AS+CH 

GOSUB 540 

LSET A$="VAR OF MEAN" 
LSET C$=STRS( BSIGM) 
TH=AS+CH 

GOSUB 540 

LSET A$="# OF PULSES" 
LSET C$=STR$(BN) 
TH=AS+BS 

GOSUB 540 

CHAIN MERGE "PHA3",120,ALL,DELETE 295-660 
L=LEN(T$) 
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550 
560 
BO 
580 
590 
600 
610 
620 
30 
640 
650 
660 


FOR J=1 TO L 
P$=MID$(T$, J, 1) 
P=ASC(P$) 

WAIT 0,128 

OUT 1,P 

NEXT J 

WAIT 0,128 

OUT 1,10 

WAIT 0, 128 
OUT 1,13 
RETURN 

END 


2) 





295 REM WFILE-CD: WRITES DATA FROM PORTS 2&3 TO DISK FILE 
300 INPUT "FILENAME (MO-DAY-RUN#) ";FILE$ 

305 INPUT "MAX COUNT"; MAX 

B20 OPEN “O",7#1,"B:"+FILES 

320 N=0 

Beso) WAIT 0,16 

335 C=INP(2) 

340 D=INP(3) 

345 PRINT#1,C;D 

350 N=N+1 

355 IF N MAX GOTO 330 

360 CLOSE#1 

370 CHAIN MERGE "PHA3",120,ALL,DELETE 295-380 
380 END 
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295 
296 
300 
305 
310 
320 
330 
D> 
340 
B+5 
350 
380 
390 
400 


REM  RFILE-CD: READS DUAL CHANNEL DATA FROM DISC FILE 
REM AND PERFORMS A PULSE HEIGHT ANALYSIS 
CLEAR 

DIM A(256),B(256) 

INPUT "FILENAME (MO-DAY-RUN#)"; FILES 

OPEN "I",#1,"B:"+FILES 

IF EOF(1) THEN 380 

INPUT#1,C,D 

UE UM UG) cal 

B(D)=B(D)+1 

GOTO 330 

CLOSE#1 

CHAIN MERGE "PHA3",120,ALL,DELETE 295-400 

END 
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295 
296 
297 
300 
305 
310 
320 
330 
DD 
336 
340 
345 
350 
380 
390 
400 


REM RFILE-B: READS DUAL CHANNEL DATA FROM DISC, 


REM CALCULATES A RATIO, AND PERFORMS A 
REM PULSE HEIGHT ANALYSIS OF THE RATIO 
CLEAR 

DIM B(600) 


INPUT "FILENAME (MO-DAY-RUN#)";FILE$ 

PERN "i", #1, "Bi" +PILes 

IF EOF(1) THEN 380 

INPUT#1,C,D 

ioe =05GORO 330 

B= CLM 100*D/G) 

B(D)=B(D)+1 

GOTO 330 

CLOSE#1 

CHAIN MERGE "PHA3",120,ALL,DELETE 295-400 


END 
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1 REM LST SQR: READS DUAL CHANNEL DATA FROM DISC FILE 
2 REM AND COMPUTES A LEAST SQUARE FIT OF THE 
3 REM DATA PAIRS. 

10 DATA "B:10-09-1" 

50 READ FILE$ 

60 OPEN "I",#1, FILE$ 

70 X=0: Y=0: XY=0: X2=0; Y2=0: N=0 

80 IF EOF(1) THEN 130 

90 INPUT#1,C,D 

100 X=X+D:Y=Y+C: XY=XY+C*D: N=N+1 

1140 X2=X2+Dt2: Y2=Y2+Ct2 

1420 GOTO 80 

130 B=(XY-X*Y/N) /(X2-XT2/N) 

140 A=Y/N-B*X/N 

150 R=(XY-X*Y/N)T2/( (X2-XT2/N) *(Y2-YT2/N) ) 
160 PRINT 

170 PRINT FILES 

180 PRINT "CERENKOV="A" + "B" X BEAM" 

#20) PRINT "R 2= "R 

200 PRINT "NUMBER OF POINTS= "N 

210 A$=STRS$(A) 

220 BS=STRS(B) 

230 CH=STR$(R) 

240 WAIT 0,128 

250 OUT 1,10 

Boo TS=FILES 


6 3 





270 
280 
290 
300 
Se, 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
40 
450 
460 
470 
480 
490 


GOSUB 370 
TH="CERENKOV= "+A$+" + "+B$+" X BEAM" 
GOSUB 370 

TH="RTIZ= "+C$ 

GOSUB 370 

AS=STR$(N) 

T$S="NUMBER OF POINTS= "+A$ 
GOSUB 370 

CLOSE #1 

GOTO 50 

L=LEN(T$) 

HOned=1 TO L 
P$H=MID$(T$,J,1) 

P=ASC(P$) 

WAIT 0,128 

out 1,P 

NEXT J 

WAIT 0,128 

OUT 1,10 

WALT 0,128 

our 1,13 

RETURN 

END 
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